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BT ZSHAG . A5 20CeMnTi 4K #0O6
VAT T2 2 8000 1 BB (I B8 AR i | T) e T 3 5 °F
BT BB S A mEA —EMESEE XL,
2 I RS Oy ik
21 EEFMBEEME

FER A BHR 2 870 °Cra il ¥ R 200 “Clal sk Ab 2 iy
20CrMnTi B Bk, H 58 60 mm X 32 mm X 8 mm,
b2 o W2 1. FHRD 4R SR U A7 4T B8, e ph L 3&
AT A 48P0 B RN 3, =22 )5 ¥ LA TPS-20B 8 7+ % 1
PEALH, FH JE K 2 (46 B =>99.9 %) #k %% 10 min, ik
55 BT 75 # A Ni6OA 3l 1 S AR5 (L ik il &, By Rk AE
25~45 pm, 22 99.5%0 , EO6 I AU EKE , & 1(a) By
7N o Ni6GOA Ky A A 2% B 20 UL 26 1. TiC By A 3
POE L TIO, 32 6 &, R f2 O 25~45 pm, 4l BF N
99.5% , TiC ki > A HI Yy 7 20K, an & 1(h) frs o
O T A By R i Ni60OA-25% TiC MR (A8 R
o TIC T Bk 2500) o AR RIR &850 f
Ky AL B B R A AE T A 7 A QM-QX4 R B ML A
TR 2 h, B 3 g 300 r/min, BREE HE ok 3 5 HE BBk

F 1 K 20CrMnTiFl NiBOA B A 1 4k 2 Wi 43
Table 1 Chemical composition of 20CrMnTi substrate and
Ni60A powder

Mass fraction /%

Element

20CrMnTi Ni60A
C 0.17-0.23 0.6-1.0
Si 0.17-0.37 3.0-4.5
Mn 0.80-1.10
Cr 1.00-1.30 14-17
Ti 0.04-0.10
B 2.5-4.5
Fe <5
Ni Bal

BT R G ER B R SRR BTt Lol 103, I EG ER B AR
S A 6,10, 12,16 mm. i A 4 2 J5 ) Ni60A-
25% TIC B R AN 1(c) Fian o W IR A 8 KA
101-1B 7Y o B XU A48 bk A7 Bt b B3 B i
4105 C, L1} E] A 4 he

Fl1 ARTES . (a)NiGOA B A ; (b) TIC 83K 5 ()Ni60A-25% TiC & A B &K
Fig. 1 Morphologies of powders. (a) Ni60A powder; (b) TiC powder; (c¢) Ni60A-25% TiC composite powder

22 BHXBESH

PO s 78 I AR VT BR WO H B 4 AT R R
17 B ¥ % th REL-C4000 Y627 806 2% 68 28 K%
SR TAE G A . a0 R = Rl ik ok o = AR
PR EA AW H RN 10 L/min, # 4% R K
33.33%, B B A2 M 3 mm. 3K 15 5 4E 9 NiG0OA-
25% TiC I B2, L BOE T R A (kW) | 43 4l o &
B (mm/s) fli% 8 #R C(g/min) MK K&, W57 i
T LB HHAE . Wi =HWEZKFIELIRE, {56
PR 28 B K -G 2 i /i, BRLTE I B 2 08 T L AT RS 4] 2
PR . MBER g FRBA N

nzﬁx 100%, (1)

AP AIEE XA A,CNIE G X,
2.3 BEERR IR A0 R0 L 3R RAE

TE B 50 K 4 22 /i, Se R H 60 B (120 H 240
H .360 H .600 H .1000 H 2000 H 75 4% % 5 7 i FE &
T E AT TS R 5 FH WF S O Ot | Bl S R KRR A

*2  IERIRE R KK

Table 2 Factors and levels of orthogonal experiment

Laser Scanning
speed /(mm-s ')

Power feeding

Level — power /kW rate /(g+min )

Factor A Factor B Factor C
1 1.4 5 15
2 1.6 6 18
3 1.8 7 21

JPS-20B # 75 I 15 BE ML T JE K & B (4 B2 =99.9 %)
P 5 15 Uk 10 min, 5 VEZ5 HUG FIBE T A6 46 T BEER S
P 56 R 22 N s B LAE BT A BR S W AR TR Y
CFT-1 2 M 25 & AR 47, 3 50 31 5% O = 0, 214
30 N, BEE RN GCr15 4 ER (4% 6 mm) , 5 Ny
350 r/min, B 242 4 3 mm, 53 W) 6] & 30 min,
PR 5 R F i 5L R A BR A B AR P BSM-
220.4 L F R OF- Bkt R 9 T i, DR OT I Aok R
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|
4 |
m |
|
cladding zone A,
‘ C
== ——
& d melting zong A,
Y d | /|
substrate /N 7 / y 4
/Str ,/ vl ! L

12 BE R B2 1 JLAR RO 7 2 1
Fig. 2 Schematic of geometrical size of single-track cladding

layer

0.0001 go X REAFEARBEAT = UGR T, DLBU/INR 2

R 2 M T T LB HUIR T A 7™ 1) H K AR B4 4k
YIRIBL R K U 2R YT A 5 mm X 5 mm X 3 mm K
I I TV S TR AL B il Bruker D8 % X B £k
AT HHAL (XRD) 43 A7 1 J2 18 A 2B, 107 59 13 Lo 20°~
70°, FHEHEE R 3 (°)/min. R ] Kroll i 7 ( 1 HF .
HNO, F1 H,O # AR R R 1 1: 40 g i i 5l ) %o it ke 1

b= 2, B2 10 so R H Nanovea ST400 — 4
TE3AL (Zeiss Sigma 300 494 H - 2. i B8 (SEM) 1 g
AL (EDS) XF b A 9 B R S 47 R/AE . SR A
Thermo Scientific % X i £& 5% B ¥ 68 15 1 (XPS) 4 #r
WER RN A . R W RRE T I U 2 Y
B 2 w7 R 0.98 N, AR FERT [E] 2y 10 s, 76 AH [ X 35
W5 A 5, S A B0 T Y {EAE S foe 24 1 S Bl el B

3 AL

30 EXREHHT

i E OG5 8 Ni60A-25% TiC B & 8 K 1Y fix
FETESH I T =R E K IER S, 5w R %
FOoKUL 3% 2, 5] 2 2 B8 s 3 )2 1 B 8 L Ae] RSF 4
k= E(H) IEE S (w) JEERE () WEE X
1A (A FUE A X FL(A,) o B TE 5 7 3R 19 B
ISR 5 3 s o MIE 3 Al LB, i 2 3%,
KEZ SR Z P T — R4 A4 G 28k R
R, SRR RG4S G SIEE X MG
A XA, B2 A X (D) kAT DL B 2 R R
R, IEE O R R A SR WL 3

(€13 B A R (0 U TADE B o (2) ST 5 (B) S2 3 5 () S3ilAE 5 (d) S4 1A ; (e) SHIATE ; (1) S6 1k 5 (g) ST AR ; (h) S8 itk ;

(1S9 ke

Fig. 3 Sectional morphologies of samples after single-track cladding. (a) S1 sample; (b) S2 sample; (¢) S3 sample; (d) S4 sample;

(e) S5 sample; (f) S6 sample; (g) S7 sample; (h) S8 sample; (i) S9 sample

DA B2 = B 0 3 R0 S Bl 8 O F o 48 A (M 95
PREQECEARSE ) , RNEEAVF ML ATV o R A
AR X 25 AR AR AT I 20 o RIS TR0, WOt B
JZ B R AE R B RO 600 LI, K 606 B %E S 100 43,

20% BERE N 9201 Bl BRI K, 4 % ik
o A RAE 0% ~6% Y B P XF R Y 4 B
0~1004r. ARBRL/N 52T 0% A0 AR W
BRI 600, 15 7k R o R RE (a5 B 1335 HV
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Table 3 Microhardness of cladding layer surface

#5505 £ 8HI/2023 £ 4 A/HEEN
T4 WBRITSER

Table 4 Dilution rate score table

Sample Microhardness /HV
S1 1225
S2 996
S3 1252
S4 1067
So 1105
S6 1156
S7 1157
S8 1031
S9 1071

BF, P43 2 100 43, i B2 {1 4 B AR 35 HV , 15 43 FEAIK 10
IF o 2% A FNER 543 ) 2 i B 8RN Wl R BE %) TF A O S
PR, 25 B A5 43 R R B 385 I8 4 M 5 8 A Tl 5% 3 4
HZ M. ERREEE R mEH R &i5H . F =4
LA U N 150,93 48, 55 AL LA A BUR AR, N
724750 o LRV E I LE T,

Y 26 6 4 7 FT 7R 1E 38 56 1) W 25 0 7 22 00 W 45
ST LA Y 5 0 2 e 1 PR 2R 4 M A K F
ANHE PP AR UR Ry 3% By R I O TR . &
ZEXN L ZE A A B B T B R AR RE L R
DL H B 2R R I T R R e AR 0 BB T S 80
AB,C,, BT 3 1.4 kW, H A BE 7 mm/s, 3% 8
WA 21 g/min, N T AR TESETIRZM 280
file, X g 2 1 0 R A T AT A AT

Dilution rate Score
6%-20% 100-92
21%-25% 90-82
26%-30% 80-72
31%-35% 70-62
36%-40% 60-52
41%-45% 50-42
46%-50% 40-32
51%-55% 30-22
56 %-60% 20-12
61%-65% 10-2
0%-6% 0-100

£5 BB SR

Table 5 Microhardness score table
Average microhardness /HV Score
1335-1300 100-90
13001265 90-80
1265-1230 80-70
1230-1195 70-60
1195-1160 60-50
1160-1125 50-40
1125-1090 40-30
1090-1055 30-20
1055-1020 20-10
1020-985 10-0

F6  LI(3)IES IR A KA br
Table 6 1.9(3°) orthogonal test results and analysis

o, Sample Factor Response value Comprehensive

A B C Dilution rate /%  Microhardness /HV score
1 S1 1(1.4) 1(5) 1(15) 41.3 1225 142.74
2 S2 1(1.4) 2(6) 2(18) 43.8 996 72.47
3 S3 1(1.4) 3(7) 3(21) 21.5 1252 150.93
4 S4 2(1.6) 1(5) 2(18) 46.0 1067 94.43
5 S5 2(1.6) 2(6) 3(21) 43.0 1105 106.12
6 S6 2(1.6) 3(7) 1(15) 54.4 1156 121.74
7 S7 3(1.8) 1(5) 3(21) 45.3 1157 122.02
8 S8 3(1.8) 2(6) 1(15) 62.4 1031 83.29
9 S9 3(1.8) 3(7) 2(18) 50.8 1071 96.60

K, 122.05 119.73 115.92

K, 107.43 87.29 87.83

K, 100.64 123.09 126.36

R 21.41 35.80 38.52
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Table 7 Analysis of variance of comprehensive score

Source Degree of Sum of SAUATES  p fean square
freedom of deviations
A 2 718.2 359.09
B 2 2344.8 1172.41
C 2 2381.9 1190.97
Error 2 143.5 71.73

32 BREHYESH

oy M A A TR 2 B9 W R A, Pk A A B R
F Pk AR AL (S3.85.S7 F1 S8) #E 4T XRD /v . E &
WIE B XRD E i & 4 s o 78X RE 2E 1T OB s
T T, = e A O S R oK S SRR R E — R
L EARFE T2 S8, NI6OA & A % 1k il 4 i
TiC By AR K A s TR M C L& 1E

= (2) uSiO, ®Cr,0, wTiC 4NiTiO,
SFeTiO, XTi,0;

Intesity /arb. units

S5

20 30 40 50 60 70
20/(°)

WE A RE WA . R4 B, S3 ST I 2
Si0, . Cr,0,. TiC . NiTiO, . FeTiO, #l Ti,0, 41 i , S5 Fl
S8 2 FE i Si0,.Cr,O, Fl TiC 4 i . A [\ 43 )2 18]
B WA FF 22 5% X O R TR T2 S 50T 0 BE
N R R B e LR R g ek
AL, FEBRZTH TR ERAMAF. FIAERZETD
¥ %A Si0,.Cr,O, f1 TiC M, TiC B B¢ AT DL 4R & Tk
2B R L 7E S3 1S5 2, SiO, A7 1 A7 5
SR E RS . AE AR )2 P, S3R R I AT 5 04 5
S5 2, ST HI S8 MY AT S w5 AL /1N o AR OGN =
R % E TR T SI0,.CrO, Ml TLO, % E k)
A, 3 20 S AL W A AR BRI T VE R IR & 78— TE R
T AT S S Vi A T LR B R 1, 4R
R B B AR . W2 TP B NITIO, f Fe TiO, %
R 2 W o IR R 5 2 T L )2 TR R A R I, AT LA
3] 0] ¥ R B S 6 2 T A

(®) uSi0, ®Cr,0; vTiC +NiTiO,
OFeTiO; XTi,0,

S7

t %*M S8

Intesity /arb. units

20 30 40 50 60 70
20/(°)

K4 RAWERXRDEE(a)S3HS5IRIZ ; (b)STHIS8 U2
Fig. 4 XRD patterns of composite coating. (a) S3 and S5 coatings; (b) S7 and S8 coatings

33 ERiRESH

B 5(a)~(e) N b il BE 7 T B 88 25 11 °F 1 g 4%
DB 2R P . A SCHT S10 s k4K . M H Rl LSS 48
WA 7R BRI I 4R B B, T A R 4 R 48 DR B & o
B Hid.S1.S2.S3,S5,S7 Fil S8R KL i BE SR S B
s BT E KR S B, L AR R 1 O 2 R R A
B4 5 A 0.64.0.61.,0.57.0.63.,0.69.,0.55; S4 & Ff Y
FEBLIR AT E , WA AR R E SR A ;S6.S9.S10
TR H A R B APIR A | RE R DR B £ i sh B B, R
REOR T Aa . el R DR B 2 ] A, 5 3 A AR A L
U 2 TR B 4 PR BT N B AR AR

453 £ RIS B R D A B R S P BB R bR . A%
TRRE B B R S R A 5D TR . BB R WK
HHEAKX R

W= , (2)
FXL
Hrr,
A
v="" (3)
0
L—=vXtX2nr, (4)

2 (2) ~(4) ] 61 B J51 5%y
v Am

FXL pXFXoXtX2mr
Ao WOl BB R R BB K R PN B R g T Y R
A, mm’/(Nem) ; VA EH KT, mm’; F A i in 2%
ff NG L EEHERE B m; Am i RE B BE B i kg0 N
R Y % B kg/m’s o MK IS 5 5 r/ming 2 Ohy BE ERT
B, min;r HHER 42, mo @& 5C0 iR, S1~S104K
FE B B B4 4 5 R 25X 10 1,13 X 10 1, 7X10 . 8%
1074.12X 10 *, 10X 10 *.9X 10 *. 14X 10 *. 15X 10",
30X 10 * go AR S10 Ay S B it de K, S3 09 5 40 it e
/N, STO0 1 B i 24 Sk S3 1 4.29 5 o TR )2 1R 1Y) S 45
/N T AR, H S2~S9 3K B AY B 3 8K T el % T
S101% 50% o #4E 3C (5) 715 T 3 S1~S10 3 FF 19 &
BUZ A 0 R 5.4X107°,2.8X10°, 1.5X10 7, 1.7X
107°.2.6X107,2.2X10 °,1.9X10 °.3.0X 10 °.3.2X
107°.6.5X 107" mm’/(N-m) . 4%, ¥ )2 FE 1Y B 43
A AR T AR STO0 A B 451 %2, 36 W] 7E 20CrMInTi £&
I FIETE NIBOA-25 U TIC EARZE, BFH R T K
Yt S M E o

W= (5)
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15} . -
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10 155
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S = N W A O N
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S1 S2 S3 S4 S5 S6 S7 S8 S9 S10
Sample

B 5 A Ta]asRe Y B8 4 R85 il 4 L8 b0 i TS 55K 0 (a) ST AT S24AE 5 (b)) S3 M SA 3 EE 5 (¢) S5 S6 KL 5 (d)S7 A1 S8l AL ; (e)S9 AN
ST R 5 (1) 5 5 0 B 5t 2R

Fig. 5 Friction coefficient curves, abrasion loss and wear rate of different samples. (a) S1 and S2 samples; (b) S3 and S4 samples;

(c) S5 and S6 samples; (d) S7 and S8 samples; (e) S9 and S10 samples; (f) abrasion loss and wear rate

K 6(a)~ ())& S1~S10 X FE IR 1Y = 4 5 1A
Pl 6 (k) Shy s At 3o R 1 3% TDREDRE B2 S, T 89 B i R B
A DL 2 S3 R SABURE 1 BB R B vk, 3R S R AL
YA LY B IR AN B S (R R 22 18 3 o Sl B PR
W), 25 B R 4 1 R 8.20 pm AN 10.78 pm, I
MR o4 1.50 pm A1 2.03 pm. FEAK S10 A9 B8R fie 1K
9 45.79 pm, K EOHLEE B2 8.68 um., S1~S9 A A Y
S $57 s A TR R T REL R BB IR T S10 3R (U B VR
J2 W T B P i bE B ARGy ), P S3.S4.S6.S7 Y
s 53 TR R T RELRE B IR T S10 19 1/35 S3F S4 1 Ji&
PR AH EE ST0 3 B REAR T 82.1% 1 76.5% 5 S6 Fl S7
[ 7 2 B8 300 TR B 0 ) Ol 14.43 pm A1 13.22 pm (A
S10 4 M FEAR T 68.5% A1 71.1% ), 2 1 MRS B 40 A
1.47 pm A1 1.61 pmo 2545 151 5 0] 1, S3 1 B 458 [R5 A
G HIEM R RAL . HEE ST~ST10 30 kE i 24 B 5 1R i

A2 TR RS B AT AL, S3 R RE R B T R Ay Y it
PERE
34 BREMSHF

Pl 7 Sy ol S 451 2 10 A9 OUE T 30 . S3 RN S4 il i
FTM Y IR BCAE R TR AR EE A IR T s B
T A AR BT AT RN TE] L A B IR 9 0 B
INE I ER T, S3 R S4 A R I TR R R ST 1Y
VKL, 3R THT & A T RS 5L S 0 R T B T L IR 2
oA R T R AR R B 0 B OR AR A A Ak
g 5 EA I S R 2 45 G R AP . U IR B
Bt e AR R AR, BB AT R SO, T CrO4(El 4) o
S 2455 R E A AT DRt A A R PR
PP R DR R EE AR BN 1E 5(b)
AT BR A 358 /0 B s 460 % B A B 451 32 [ 1] 6 (k) A& 5(0) 1o
SR, FLA v 2 v i A B 5 0 B, B PR 30 v B T
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K16 ARl B 40 2 T Y = 4EJE A . (@) STIRAE 5 (b) S2 3K AF 5 (¢) S3IRAAE 5 (d) S4IRXHE 5 (e) S5IRFE; (1) S6 I AF 5 (g) ST iAF 5 (h) S8
TURE 5 (D) SO RURE 5 (1) ST0 R 5 (k) 32 AT B H2 RIS 5 7% B2
Fig. 6 Three-dimensional worn morphologies of different samples. (a) S1 sample; (b) S2 sample; (c) S3 sample; (d) S4 sample; (e) S5

sample; (f) S6 sample; (g) S7 sample; (h) S8 sample

BRI R
S1.S5MSTIAMER M FE R A T EE B, R
BN BT B B RIS . S2.S6.S8F1 SOk
PR E 2R A T R P RN G 6 B4, R TR B T
B, XA B W A SHOW AL RN XA R 7 2 T
SRPESTUIAE ], ZR00 K R R T 2L BEE SR AR
25 o W S IR L B M7 3 S6 T SO A B 5 IR
Bk F AT R 5() FE 5(e) Ty EEHA
FEAR S10 Wy Tl B PEAC 25, RO IR, KA T
VB 7 5 | B B RN SR AR T L B T ™ ) ALY
A, T L BE 458 DR B v, R 4% it 4 U8 3 i A R

; (1) S9 sample; (j) S10 sample; (k) surface roughness and wear depth

[ES5Ce) o HFEABEZNRY LR RRERY
KGR, A B AR 2T B A, PR O 8 R
TR 6(k) o FA S10 /B 351 R B 43 51 & S35 S4
i) 5.6 8% F1 4.2 1%

25 b L 7E 10 RE b, S3IRRE R B T B 4 1 it
BEME L DR, 3 R 4 S3 IR RE Y B 41 3% i E AT EDS
M. EDS A gs A 8(a) fr s, (A 46 5 HE AR E
Oy IR PR S X . e T e SR R EL)E B TiLSi
Ni.Cr.O fiZ 4t C B4, Hor, Ni gt & 09 it i 53 44
919.94% ,Crot & 1Y Jit & 43 80N 9.76 %0, TIJG FR ) i
B ECR 13.50% , O JC 1Y i Bk 38.72% . M

0802207-7



&50% £ 8HI/2023 F 4 B/HEHH,

—

"
£
wear debris

|/

}\ 2 ;

R o
delamination

AN T R B 404 2% T 9 SR 30 (a) STHAE 5 (b) S23 A 5 (¢) S33UEE 5 (d) S4 il 5 () S5 KR 5 () S6 1l 5 (g) STl 5 (h) S8
e 5 (DS IAE ; ())S10 1K

Fig. 7 Microscopic morphologies of worn surface of different samples. (a) S1 sample; (b) S2 sample; (c) S3 sample; (d) S4 sample;

(e) S5 sample; (f) S6 sample; (g) S7 sample; (h) S8 sample; (i) S9 sample; (j) S10 sample

K7

@ © ol e
‘ Mass fraction % 120} Mass fraction /%
~*§150_ s Ni 19.94 *§ s Ni 1.60
, %7 CF 9.76 5 100f * Cr 2.38
8 100 P m 1350 § & P 004
.g' ¢ 0 38.72 %‘ 60 + 0 79.03
g |1 e C 9.29 2 e C 11.42
g 501+ + B 6.82 ﬁ 40r%s + B 4.90
‘ 209

Intensity/arb. units

|

|
FAVAY
v

|

|

L cadala o W

A\ A | Y A
A X s W "'v/ .’k\';tv/\/\/‘\/\"f l'y\‘-":(\\/-\’

|
A vfl 1N ;
MmN W LY \ IV H'/,"\/\ﬁj/’\/v'f\
Y Y \ Y |

A
A
\

W\, /\/ L3 ANV ",’\v

1000

1500

Intensity/arb. units

Distance /um

B8 BRI A EDS 5347 . (a) S3 14 5 (b)S103 K
Fig. 8 EDS analysis of worn surface. (a) S3 sample; (b) S10 sample

0802207-8



Fb oA B 4 X, R X B O C R SR, X2 WA
JEE 4 R T E AL B A TE B O e E F E3 . OJLHE W
B b PR M R g AR R R BE 8 7 Ak R T
— R 2 T Y L )2 8 2 B, B R %) 3 T k2 AR R
EER A WK 7(b) T, iR S2 3R 1 1Y AL 74
JE A ALY R Bk AL Y R R R N . A AL )Z AT LA
A Sy 8 A T 5 R 8 08 B A2 E— A BRI R AIREE

I 8(b) A STORFEEE M R M L H LR . H
[ 7()) AT 1 STO v H B0 T s e Fn M e, HLV& A 0 B
SR, R S Y K R A A AL TR ST0 2 T 1)
OTLEMCILE T EKZ (i 78053 310 79.03% F
11.42%) , 1 Si.Ti.Cr . Ni M1 B e £ %/ . el i,
FEAR ST0 B X i O T £ & & /& T8 8 il ke S3.
S10 2 11 BE 6™ 5, 3 02 A R AF BE AT 1% = 1H b AT L
AL [ (A 31 T A SRR BRI Ik AR B i TR A SR A
AR LR F T B EE 2 T A ) A 2 RV IR o e s
it SRR E I TR L T SiO, . Cr,0, fi T1,0,

(0)

#5505 £ 8HI/2023 £ 4 B/HEEN
RS (B 4) ] LIRS EE )2 .

R T S3 R EREEE LT R M RS, X S3
WZMEAT mapping B 48T, o Br &5 SR AR 9 Fr s o & 9(a)
o IR IR 2 5 R A B2k it 4k 1T i Ni6OA-
5N TICIHEME R, FIr AR R, WTLEMR GHERZE
HREKREGEGERE , AR BEGMILE., BE2PES
Ni.Cr.Ti.SiFlC It E , X 20 5 kb AR 1Y 3 2 4 g
S HIETEH KRB FeMOTLE, TiowEHAH
S A RIS Z T, A 9 (d) R, b i & Bk i
Hi Ay TiC PURL (AT LA 5 08 2 )23 00 6 B2 ), THC Wk 1)
Sy A fEis A E T, H B SR e 2 T, oA R
WO AL AE Y. NiAI Crot R A7 76 T 06 70 K i
HEAEPEAEMICEGED ,BHE () ME 9T LLE
LR T NI Crot R, WG E LR kKA
Ty . BFISITTR WA, EATEA B
EH . WIZEERZE A ICEMAETY B RS, UL %R
25 RARGE A B AF . 7E YRR Ak R i 5 AR 5 i R A
FHTE U2 0 R B A5 DA @, T Bk e A5 LA 3 0

B9 S3IUHEBTELI B9 EDS 2047
Fig. 9 Cross-sectional EDS analysis of S3 sample

3.5 REXPSHH

J ik — 2T S3 U 2 AR T Mk 2 A, % S3 it
FEHEAT XPS 4387, 0 Hr a5 R & 10 s o 18 10 45
THEH O 1s.Si2p.Ti 2p.Ni 2p Hl Cr 2p JC X WO
B Rens JRde h T ENS AR i aY .
& 10(c) fir 7, Si 2p BUaE A & AN 16 ( 3 e 38 X
Si 2p,, F1 Si 2p,) , 4543 fiE 102.04 eV F1102.96 eV X i

F Si 2p,, A1 Si0,(Si 2p,,) o WA 10(d) PR, Ti 2p FliE
HOE BT AU FE U [ BERLIE Y, Ti 2p, W7 1 45
e N 454.98 eV, Ti 2p,, W 7 25 & HE R 458.70 eV, 1E
458.70 eV IE(EALIE WL T TiO..

76 Ni 2p BUil b, XU [ e s 7 24 HAR AT TR I
FEA L AN 10Ce) Fr R o Ni 2py . HA0 & NiO F1 TR g, 45
A BEST B 854.94 eV HI861.49 eV, Ni 2p,, WA ) 45

0802207-9



&50% £ 8HI/2023 F 4 B/HEHH,

Intensity /arb. units

Intensity /arb. units

43000

()0 1s
Si0,
33000

T

T

23000

T

13000

3000

536 532 528
Binding energy /eV

540

7200 Ti 2oy

@Ti2p Tigp, (454,98 oV)

6800 - TiO,

6400

460 455
Binding energy /eV

450

Cr 2p,,

Cr,04

501000 |- (2) survey " £
% 401000 i
S 301000
&
£ 201000
g &
£ 101000 @
1000 “
1200 800 400 0
Binding energy /eV
5000
(c) Si2p Si 24,
(102.04 V)
_g 4500 |
S
8 4000
2
2
[
g 3500 A
A=
3000 ’ . ,
104 100 96
Binding energy /eV
26500 (e
s Ni 2py,
2 satellite NiO
5 25500 (85494 eV)
Q
k|
£ aa500
=
g
=
23500 -
875 865 855
Binding energy /eV

Intensity /arb. units

585 580 575

Binding energy /eV

590

B10  S3iHEM XPS 53 Hr
Fig. 10 XPS analysis of S3 sample

L REAT R 872 €V F1879.50 eV, NiO W] LA T i Ji 1
W EIPEY . Cr iy 2p B i 344l B, an &l 10C0 i
/R, Cr,O, F1 Cr 2p,, [ 45 & B8 4 %l i 575.91 eV Hl
586.49 eV, Cr,O, Tt B A 1k )2 B IE i A T8¢ m 1k )2
BT . A R 10 5 R A AT IR 2 2 T ) R A
W 3 A9 & Si0, . Cr,0, . TiO, Fl NiO 2548 1k ¥ .

4 45 B

Ve HCHOG DR RN R R = AN R R
58 T WO Ni60A-25% TiC & & ¥ oK T. 24 S 5
20CrMnTi JEAR 52w, 753 3 AT 2598

1) DA B3N 5 1ol B B Sk F 4 35 b , 308 2o B 22 A
J5 25 57 M A% B 52 i 45 7 2 0 a0 1 R D E O 0 0
R, 2 MUK il R AN TR

2) S, AR E MY AR B B 5 RO
¢ TR J B B A AIG . Ni60A-25% TiC & & ¥ AR 16
TR 1.4 kKW 3 B 7 mm/s 36 K 3R N

21 ¢/min) TS T BAREMNEG SR, FEilks
BN AR T 36K IR 2 R BE R BERRAIR T 82.1 00, BE 4t
A 1.5X 10" mm®/(N-m) , & FHLKE A 1.50 pm,

3) FLARF A SR R A T R B IR T
B LI RV 57 BE T o 1A )2 B 450 3% 1 LA B RS 45 R
AR ZE SRS R RZ TR ¥ s) B
A Si0, . Cr,0, ., TiO, Al NiO %5 4 4k ¥y WUkL 7T AVE K
[ A Y 9 1), A TR 4 3 I T SR AR BB, By b R 4 R o —
R R T IR E BT P RE . ARWE ST O A K
BUAR 8 4 1) ol ) i 4 1t 17— LB

2 % X #t

XU, PVEEDY , SRR HE . 45T R I HOL A &1 NiCr-ALO, B2 /Y
MU EPEREDT I [T]. KM A, 2016, 45(10): 64-69.

Liu T, Sun G F, Zhang Y K. Microstructure and wear resistance
of NiCr-Al,O, coating alloyed with 457 steel laser[J].
Technology, 2016, 45(10): 64-69.

LI )R R E 55 B R B R ML OGS R PSR (D). R A
B TR, 2018: 21-29.

(1]

Surface

(2]

0802207-10



(3]

(6]

(8]

[16]

Jiang Q H. Study on the mechanism and key technology of rotary
extrusion forming of feed powder[D]. Nanjing: Nanjing University
of Science and Technology, 2018: 21-29.

LiMY, Han B, Song L. X, et al. Enhanced surface layers by laser
cladding and ion sulfurization processing towards improved wear-
resistance and self-lubrication performances[J]. Applied Surface
Science, 2020, 503: 144226.

Zhu L D, Xue P S,
development status of laser cladding: a review[J]. Optics &. Laser
Technology, 2021, 138: 106915.

Liang H, Miao J W, Gao B Y, et al. Microstructure and

Lan Q, et al. Recent research and

tribological properties of AlCrFe,Ni,W,,Mo,,; high-entropy alloy
coating prepared by laser cladding in seawater, NaCl solution and
deionized water[J]. Surface and Coatings Technology, 2020, 400:
126214.

JE R, SO, IRF R, SO ALO,/Fe901 EAR)Z M
s AL AL B2t I3 (D], 22241, 2019, 39(5): 0514001
ZhouJZ, He WY, XulJ L, et al. Strengthening mechanism and
wear resistance of AlLO,/Fe901 composite coating prepared by
laser cladding[J]. Acta Optica Sinica, 2019, 39(5): 0514001.
RTEREL W H ), A4S T HOLIE B NIGOAA IR R T
202 U A B 5 E RE OF S (D). WOt 5ot T kR
2021, 58(11): 1114008.

Wu J, Zhu D D, Yang R C, et al. Parameters optimization and
friction and wear properties for laser cladding Ni60OAA coating on
45 steel shaft surface[J]. Laser & Optoelectronics Progress, 2021,
58(11): 1114008.

R, B, ASCRE, SRR T 316L/AISI304#0L
J8 B Rt v U 8- N ) S ) BN ). R O, 2021, 48
(22): 2202002.

Wu Y, Ma P Z, Bai W Q, et al. Numerical simulation of
temperature field and stress field in 3161./AISI304 laser cladding
with different scanning strategies[J]. Chinese Journal of Lasers,
2021, 48(22): 2202002.

Yu T, ChenJ, Wen Y M, et al. High temperature phase stability
and wear behavior of laser clad Ta reinforced NiCrBSi coating[J].
Applied Surface Science, 2021, 547: 149171.

Singh G, Kaur M, Upadhyaya R. Wear and friction behavior of
NiCrBSi coatings at elevated temperatures[J]. Journal of Thermal
Spray Technology, 2019, 28(5): 1081-1102.

WuZ P, LiT, Li Q, etal. Process optimization of laser cladding
Ni60A alloy coating in remanufacturing[J]. Optics & Laser
Technology, 2019, 120: 105718.

SRR, 5KAE, FEMRL, % TC4Z M TiL,SC-Ti,Ni & & 45 MY
FE O R 2 A S I RE ] Ot oA % i, 2020, 40(11):
1114001.

Zhang T G, Zhang Q, Zhuang H F, et al. Microstructure and
of Ti,SC-Ti,Ni
lubricating laser cladding layer on TC4 surface[J]. Acta Optica
Sinica, 2020, 40(11): 1114001.

FEEH, B, REM. 41K CeO, & HXT NiGOA 1 )2 214U Tt 6§
Tk PERE 2 A [T]. WL SOt TR, 2021, 58(21): 2114007,
Gong Y L, Cui C, Wu M P. Effect of nano-CeO, content on
microstructure and corrosion resistance of Ni60A coating[J].
Laser & Optoelectronics Progress, 2021, 58(21): 2114007.
Arias-Gonzalez F, del Val J, Comesana R, et al. Fiber laser

properties composite structural phase self-

cladding of nickel-based alloy on cast iron[J]. Applied Surface
Science, 2016, 374: 197-205.

XEZ, XIeE, kAR, & OB LR TiC/CaF,/Inconel
T18 5245 B RHIY A B I il R S SR PR RE [T). R O, 2020,
47(1): 0102008.

LiuZ H, Liu Y F, Zhang L. L, et al. Microstructure and high-
temperature friction and wear properties of TiC/CaF,/Inconel 718
composite fabricated using laser melting deposition technique[J].
Chinese Journal of Lasers, 2020, 47(1): 0102008.

Pan C G, ShiJ, Wei ], et al. Effect of preheating temperature on
the microstructure and corrosion resistance of TiC-Ni coating by

[17]

[19]

[21]

[22]

[25]

(27]

[30]

0802207-11

&50% £ 8HI/2023 £ 4 B/HEHH,

CS/PHIP[J]. Transactions of the Indian Institute of Metals, 2019,
72(7): 1869-1879.

SR, KT, SRRNI, 45 TC4 MR A A TiC 1 50 gk 4%
S WOCIEELZ i 21 20 R PRS2 HERE LT, O 5Ot T il
2021, 58(1): 0114001.

Zhang H W, Zhang D L, Zhang T G, et al. Microstructure and
tribological properties of in situ TiC-reinforced Ti-based composite
coating by laser cladding on TC4 surface[J].
Optoelectronics Progress, 2021, 58(1): 0114001.

Ba e, e, BT, A ASIIFR I HOBHE B Ni60-TiC M iRk
JZ HT b M RELT ] F A R RS TR, 2020, 49(2): 611-617.
Cao J L, Yang X F, Wang S R, et al. Wear and corrosion

Laser &

resistance of laser cladding Ni60-TiC ceramic coating on 45 steel
surface[J]. Rare Metal Materials and Engineering, 2020, 49(2):
611-617.

Bakkar A, Ahmed M M 7, Alsaleh N A, et al. Microstructure,
wear, and corrosion characterization of high TiC content Inconel
625 matrix composites[J]. Journal of Materials Research and
Technology, 2019, 8(1): 1102-1110.

M), EFARAR L WOC IR AT 27SiMn SO K B ) 25 1 RR Y R )
(7] "R E#OG, 2022, 49(8): 0802011.

Heng Z, Shu L. S. Effect of laser power on mechanical properties
of laser cladded 27SiMn steel[J]. Chinese Journal of Lasers, 2022,
49(8): 0802011.

Chen T, Wu W N, Li W P, et al. Laser cladding of nanoparticle
TiC ceramic powder: effects of process parameters on the quality
characteristics of the coatings and its prediction model[J]. Optics &.
Laser Technology, 2019, 116: 345-355.

Verdi D, Manez C J, Garrido M A, et al. Process parameter
selection for Inconel 625-Cr,C, laser cladded coatings[J]. The
International Journal of Advanced Manufacturing Technology,
2017, 92(5): 3033-3042.

Wu S, LiuZ H, Huang X F, et al. Process parameter optimization
and EBSD of Ni60A-25% WC
International Journal of Refractory Metals and Hard Materials,
2021, 101: 105675.

XU, XU, SBPE, A WO B A A R RS BT T
HOL 5L T2 8k, 2021, 58(23): 2314005,

Liu Y, Liu P S, Guo Y, et al. Dilution rate of laser cladded
ultrahigh strength steel[J].
2021, 58(23): 2314005.
WHRIR, AL, WSO, B IRSN BEOCR B RS 4
WRJZ WP R AL VERELT]. O, 2019, 46(1): 0102006,
XuJ L, ZhouJ Z, Tan W S, et al. High-temperature oxidation
resistance of Co-based alloy coatings by ultrasonic vibration

analysis laser cladding[J].

Laser & Optoelectronics Progress,

assisted laser cladding[J]. Chinese Journal of Lasers, 2019, 46(1):
0102006.

FHLAE, WA, BRE e, % Cri2 LA FeS0-TiC & & BOBK
HIZHIES A SUR Sy E R [T ] WOk 56 h Pk 2021, 58
(7): 0714002.

Wang Q T, Zeng X B, Chen C R,
microstructure, and mechanical properties of Fe50-TiC composite
laser cladding layer on Crl2 mold steellJ].
Optoelectronics Progress, 2021, 58(7): 0714002.
Zhao Y, Feng K, Yao C W, et al. Effect of MoO, on the
microstructure and tribological properties of laser-clad Ni60/

et al. Morphology,

Laser &

nanoCu/h-BN/MoQO, composite coatings over wide temperature
range[J]. Surface and Coatings Technology, 2020, 387: 125477.
Han F, Wen H X, Sun JJ, et al. Tribological properties of Si;N,-
hBN composite ceramics bearing on GCrl5 under seawater
lubrication[J]. Materials, 2020, 13(3): 635.

Wang T, Wen B Q, Kan Z, et al. Wear behavior of different
materials applied on horizontal mixer blades used in the processing
of total mixed rations[J]. Transactions of the ASABE, 2019, 62
(6): 1743-1753.

Lashgari H R, Kong C, Adabifiroozjaei E, et al. Microstructure,
post thermal treatment response, and tribological properties of 3D



#5505 £ 8HI/2023 £ 4 A/HEEN

printed 17-4 PH stainless steel[J]. Wear, 2020, 456/457: 203367. [32] Zhang W Y, Wang C M, Ji J X, et al. Synthetic effect of Cr and
[31]  XIWAH, Ak, Phads, 45 . kA 4 2 T OG I 38  A7 i # TiC/ Mo elements on microstructure and properties of laser cladding

TL,NIE &2 HOR A 2 MR p 72 (7). o B0, 2021, 48(14): NiCr,Mo, alloy coatings[J]. Acta Metallurgica Sinica (English

1402011. Letters), 2020, 33(10): 1331-1345.

Liu Y N, GuM, Sun R L, et al. Microstructure and properties of [33] ShiY M, LiJ B, Zhang J, et al. Effect of La,O, addition on wear

in-situ TiC/T1i,Ni composite coating prepared via laser cladding on
titanium alloy[J]. Chinese Journal of Lasers, 2021, 48(14): 1402011.

properties of Ni60a/SiC coating using laser-cladding[J]. Optics &
Laser Technology, 2022, 148: 107640.

Effect of Process Parameters on Microstructure and Wear Resistance of
20CrMnTi-Based Laser Cladding Ni60A-TiC Coating

Ren Sixue"”, LiJingbin"*, Shi Yameng'“, Wen Baogin'®, Wang Xianfei"”, LiLigiao"’
'College of Mechanical and Electrical Engineering, Shihezi University, Shihezi 832000, Xinjiang, China;
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Abstract
Objective The flat die, a key component of flat die granulators, is subject to severe wear. lLaser cladding technology is used
widely, and the wear resistance of the flat die can be improved using laser cladding technology. Nickel-based sel{-fluxing alloy powder
has excellent wear resistance and corrosion resistance at a lower cost. TiC ceramic particles were added to the nickel-based self-
fluxing alloy powder to enhance the wear resistance of the coating. The previous study showed that the coating had the best all-round
performance when the volume fraction of additive TiC was 25%. However, few studies have examined the optimal process
parameters for the laser cladding of Ni60A-TiC composite coatings with 20CrMnTi steel as the substrate. Therefore, the Ni60A-
25% TiC composite coating was prepared on the surface of 20CrMnTi steel by laser cladding. This study examined the effects of the
laser power, scanning speed, and powder feeding speed on the microstructure and wear resistance of the Ni60A-25% TiC coating.

Methods The Ni60A-25% TiC powder was mixed evenly using a QM-QX4 ball mill. A three-factor, three-level orthogonal
experiment was designed with the test factors of laser power, scanning speed, and powder feeding speed. Cladding coatings were
prepared with different technological parameters. A CFT-I surface comprehensive tester was used for the friction and wear tests. The
mass before and after wear was measured using a BSM-220.4 electronic balance. X-ray diffraction (XRD), three-dimensional surface
topography, scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS), X-ray photoelectron spectroscopy (XPS),
and microhardness tester were used to characterize the phase composition, 3D morphologies, microstructure, element distribution,

and element valence and microhardness of the coatings, respectively.

Results and Discussions The coating after laser cladding was dense and showed good metallurgical bonding with the substrate
(Fig. 3). The dilution rate and microhardness of the cladding layer were used as evaluation indices. The factors affecting the quality of
the cladding layer in descending order were the powder feeding speed, scanning speed, laser power which was obtained by the
extreme difference (Table 6) and variance (Table 7) analysis. XRD revealed the main phase composition in the coating to be SiO,,
Cr,0,, and TiC. The coating phase varied slightly with the different process parameters (Fig. 4). The friction and wear test showed
that the frictional state differed according to the process parameters. The friction coefficient of the coating samples was small, and the
wear process was stable. Among them, S3 sample had the lowest wear rate of 1.5>X 10 ° mm’/(N+-m). The microscopic morphology
at the abrasion area of the sample was analyzed (Fig. 7). Abrasive wear occurred on the surfaces of the S3 and S4 samples; the wear
surfaces were relatively smooth, and the coatings were covered with oxide films, such as SiO, and Cr,O;, in the {riction process. The
surface of the S1, S5, and S7 samples mainly showed adhesive wear. The surface of S2, S6, S8, and S9 samples mainly showed
abrasive and adhesive wear. The wear resistance of the S10 substrate was poor, and the surface showed abrasive wear, adhesive
wear, and plastic deformation, and severe furrows and pits appeared. The above analysis showed that S3 showed better wear
resistance. The hardness and wear resistance of the coating was enhanced by the synergistic effect of dispersion strengthening and
solid solution strengthening. XPS showed (Fig. 10) that the solid lubricant film of the S3 coating was comprised mainly of oxides,
such as Si0,, Cr,0,, Ti0,, and NiO.

Conclusions Using the dilution rate and microhardness as evaluation indices, the factors affecting the quality of the cladding layer
from the largest to smallest were the powder feeding speed, scanning speed, and laser power. The composite coating showed a
significantly lower wear rate compared to the substrate. The Ni60A-25% TiC composite coating with the best all-around performance
was produced at a laser power of 1.4 kW, scanning speed of 7 mm/s, and powder feeding speed of 21 g/min. Severe furrows and
fatigue wear were observed on the substrate surface, and the wear of the cladding layer was mainly abrasive. Oxide particles, such as
Si0,, Cr,0;, Ti0,, and NiO, generated by friction can be used as solid lubricants to form oxide films on the friction layer surface that

can prevent further wear of the friction layer and improve the wear resistance of the coating.

Key words laser technique; laser cladding; process parameter; wear resistance; orthogonal experiment
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